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a  b  s  t  r  a  c  t
A  novel  multi-volatile  method  (MVM)  using  sequential  dynamic  headspace  (DHS)  sampling  for  analysis
of  aroma  compounds  in  aqueous  sample  was  developed.  The  MVM  consists  of  three  different  DHS  method
parameters  sets  including  choice  of  the  replaceable  adsorbent  trap.  The  ﬁrst  DHS  sampling  at  25 ◦C  using  a
carbon-based  adsorbent  trap  targets  very  volatile  solutes  with  high  vapor  pressure  (>20  kPa).  The  second
DHS  sampling  at 25 ◦C  using  the  same  type  of  carbon-based  adsorbent  trap targets  volatile  solutes  with
moderate  vapor  pressure  (1–20  kPa).  The  third  DHS  sampling  using  a  Tenax  TA  trap  at  80 ◦C targets  solutes
with low  vapor  pressure  (<1 kPa)  and/or  hydrophilic  characteristics.  After  the  3 sequential  DHS samplings
using  the  same  HS  vial,  the three  traps  are  sequentially  desorbed  with  thermal  desorption  in  reverse  order
of  the  DHS  sampling  and  the  desorbed  compounds  are  trapped  and  concentrated  in  a programmed  tem-
perature  vaporizing  (PTV)  inlet  and subsequently  analyzed  in  a single  GC-MS  run.  Recoveries  of  the  21
test  aroma  compounds  for each  DHS  sampling  and  the  combined  MVM  procedure  were  evaluated  as
a function  of vapor  pressure  in  the range  of 0.000088–120  kPa. The  MVM  provided  very good  recover-
ies  in  the  range  of  91–111%.  The  method  showed  good  linearity  (r2 > 0.9910)  and  high sensitivity  (limit
of  detection:  1.0–7.5  ng mL−1)  even  with  MS scan  mode.  The  feasibility  and  beneﬁt  of  the  method  was
demonstrated  with  analysis  of  a wide  variety  of  aroma  compounds  in brewed  coffee.  Ten potent  aroma
compounds  from  top-note  to  base-note  (acetaldehyde,  2,3-butanedione,  4-ethyl  guaiacol,  furaneol,  gua-
iacol, 3-methyl  butanal,  2,3-pentanedione,  2,3,5-trimethyl  pyrazine,  vanillin,  and 4-vinyl  guaiacol)  could
be identiﬁed  together  with  an  additional  72 aroma  compounds.  Thirty  compounds  including  9 potent
aroma  compounds  were  quantiﬁed  in the  range  of  74–4300  ng mL−1 (RSD  < 10%,  n = 5).
©  2014  The  Authors.  Published  by  Elsevier  B.V.  This  is  an  open  access  article  under the  CC  BY-NC-ND. Introduction
Headspace gas chromatography (HS-GC) has been frequently
sed for aroma analysis because of its ability to exploit the volatil-
ty of aroma compounds [1–3]. Also, HS-GC has many practical
dvantages, e.g. it is simple, solvent-less, amenable to full automa-
ion, and there is no contamination from non-volatile constituents.
here are several established HS techniques, e.g. static HS (SHS),
ynamic HS (DHS), and HS solid phase microextraction (HS-SPME)
4–6]. However, these techniques are generally more selective for
ore volatile and/or hydrophobic compounds, often resulting in a
artial chromatogram which does not include hydrophilic and/or
 Part of the paper was  presented at the 38th international symposium on capillary
hromatography, Riva del Garda (Italy), May  18–23, 2014.
∗ Corresponding author. Tel.: +81 3 5731 5321; fax: +81 3 5731 5322.
E-mail address: nobuo ochiai@gerstel.co.jp (N. Ochiai).
ttp://dx.doi.org/10.1016/j.chroma.2014.10.074
021-9673/© 2014 The Authors. Published by Elsevier B.V. This is an open access article unlicense (http://creativecommons.org/licenses/by-nc-nd/3.0/).
low vapor pressure aroma compounds. Recently, a full evapora-
tion DHS (FEDHS) method, based on a classical full evaporation
technique (FET) developed by Markelov and Guzowski [7], was
demonstrated for uniform enrichment of aroma compounds in
several sample types including cosmetic products (shower gel,
bar soap, and body cream) and beverages (green tea and whisky)
[8–11]. FEDHS of 10–100 L of samples at 80 ◦C using a valve-less
and short-path DHS system [12] enables near complete vapor-
ization and uniform recovery of aroma compounds including
constituents with hydrophilic and/or low vapor pressure charac-
teristics, while leaving most of the low volatile matrix behind.
However, the FEDHS method often requires large purge volume
(e.g. more than 2.6 L for 100 L of aqueous samples [9]) in order
to remove condensed water from the adsorbent trap and the vent
line of the DHS system. Therefore, highly volatile compounds which
represent top-note (aroma) of a sample often breakthrough the
adsorbent trap during the FEDHS purge step even with a carbon
based adsorbent trap having a large breakthrough volume. The DHS
der the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/3.0/).
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ystem used for the above FEDHS applications [8–11] is based on
 DHS module, an x-y-z robotic auto-sampler, and a short-path
hermal desorption unit [12]. This design allows the use of replace-
ble adsorbent traps and therefore has the potential for sequential
ampling from the same HS vial but using individual adsorbent
raps and associated trapping conditions. Thus, highly volatile com-
ounds can be sampled with this approach before performing the
nal FEDHS step.
In this study, we developed a novel multi-volatile method
MVM)  with sequential DHS sampling using different trapping
onditions for analysis of a wide range of aroma compounds in
queous samples. First, 150 mL  DHS sampling at 25 ◦C using the
st trap (carbon-based multi-bed adsorbent) is performed for very
olatile compounds (e.g. acetaldehyde, dimethyl sulﬁde, and furan)
rom 100 L aqueous sample, followed by an additional 650 mL
HS sampling at 25 ◦C using the 2nd trap (carbon-based multi-bed
dsorbent) for volatile compounds (e.g. 2,3-butanedione and pyr-
ole), and ﬁnally 3 L FEDHS sampling at 80 ◦C using the 3rd trap
Tenax TA) [9] is performed for the rest of volatile compounds
ncluding hydrophilic and/or low vapor pressure species (e.g. 2,5-
imethyl pyrazine, guaiacol, and indole). After sampling from the
ame HS vial, the three traps are sequentially thermally desorbed
n reverse order of the DHS sampling, concentrating the desorbed
ompounds in the PTV inlet for subsequent single run GC-MS analy-
is. The parameters required for all DHS sampling conditions were
xamined with the test compounds, which include a wide vari-
ty of aroma compounds from top-note to base-note, spiked in
00 L water. The feasibility and beneﬁts of the proposed method is
emonstrated with analysis of aroma compounds in brewed coffee.
. Experimental
.1. Reagents and materials
Acetaldehyde, butanal, 2,3-butanedione, coumarin, dimethyl
isulﬁde, 2,5-dimethylpyrazine, dimethyl sulﬁde, furan, furfural,
ndole, 2-methyl furan, pentanal, 2,3-pentanedione, propanal, pyr-
ole, and vanillin were purchased from Wako Pure Chemical (Osaka,
apan). -Damascenone, ethyl decanoate, guaiacol, cis-3-hexenol,
-hexanol, and -nonalactone, were obtained from Dr. Katsumi
mano of Takata Koryo Co., Ltd (Hyogo, Japan). Coffee samples were
urchased in local stores in Tokyo, Japan.
.2. Instrumentation
MVM  was performed using a GERSTEL DHS module (GERSTEL,
ülheim an der Ruhr, Germany) that enables dynamic purging of
he headspace above a sample combined with trapping of purged
nalytes on an adsorbent trap using a dual-needle design [13].
he trapped compounds were subsequently analyzed by ther-
al  desorption (TD)-GC-MS using a TDU thermal desorption unit
quipped with an MPS2 autosampler and a CIS 4 programmed tem-
erature vaporizing (PTV) inlet (GERSTEL), installed on an Agilent
890B gas chromatograph and a 5977A mass-selective detector.
he Agilent 7890B GC-5977C MSD  was equipped with a capillary
ow technology (CFT) plate with make-up gas for back ﬂush capa-
ility.
.3. Sample preparation
A brewed coffee (Caffè Americano) sample was prepared by an
spresso machine ECAM23210 (DeLongi, Treviso, Italy) using 8 g of
offee bean and 125 mL  of hot water. Brewed coffee was imme-
iately cooled to approximately 30 ◦C in tap water. One hundred
icro-liters of aqueous sample were transferred into an empty. A 1371 (2014) 65–73
10 mL  screw cap headspace vial. No further sample preparation was
necessary.
2.4. Multi-volatile method (MVM) with sequential dynamic
headspace sampling
Fig. 1 outlines the procedure for MVM.  A headspace (HS) vial
containing 100 L aqueous sample was  transferred from the Peltier
cooled tray at 10 ◦C to the DHS module at 25 ◦C and incubated for
5 min. First, very volatile compounds in the HS vial were purged
with 150 mL  of nitrogen gas at a ﬂow rate of 50 mL min−1 and
trapped at 30 ◦C on a TDU tube (1st trap) packed with Shincar-
bon X/Carbotrap B/Carbotrap X (Shinwa Chemical Industries Ltd,
Kyoto, Japan). A subsequent dry purge of the trap was  performed
with 600 mL  of nitrogen gas at a ﬂow rate of 50 mL  min−1 in the
dry purge position, with the trap kept at 30 ◦C. After the dry purge,
the 1st trap was  transported to a TDU tube tray, and stored for
ﬁnal desorption. Next, the second purge was  performed using the
next TDU tube (2nd trap), also packed with Shincarbon X/Carbotrap
B/Carbotrap X and thermostated to 30 ◦C. Purge conditions were set
at 650 mL  of nitrogen gas at a ﬂow rate of 100 mL  min−1 for volatile
compounds in the same HS vial at 25 ◦C. The subsequent dry purge
was performed with the same conditions as for the 1st trap. After
the dry purge, the 2nd trap was transported to the TDU tray, and also
stored for ﬁnal desorption. For the third trap, packed with Tenax TA
(Sigma-Aldrich Japan K.K., Tokyo, Japan) and thermostated to 40 ◦C,
the temperature of the same HS vial was  elevated to 80 ◦C estab-
lishing FEDHS conditions with 3 L of nitrogen gas at a ﬂow rate of
100 mL  min−1 for the remaining volatile compounds (no additional
dry purge step is needed for FEDHS). The 3rd trap was also trans-
ported to the TDU tray afterwards. Finally, the three TDU tubes (1st
trap, 2nd trap, and 3rd trap) were sequentially desorbed with the
TDU in reverse order of the DHS sampling and concentrated in the
pre-cooled PTV inlet for a subsequent following single run GC-MS
analysis. The total MVM  procedure with sequential DHS sampling
is illustrated in Fig. 1.
2.5. Thermal desorption (TD)-GC-MS
The TDU was  programmed from 30 ◦C (held for 0.5 min) to 240 ◦C
(for the 3rd trap) or 300 ◦C (for the 1st trap and the 2nd trap), at
720 ◦C min−1 with 50 mL  min−1 desorption ﬂow, and held for 3 min.
Desorbed compounds from the 3rd trap were ﬁrst focused at 10 ◦C
on a Tenax TA packed liner in the PTV inlet. Then, desorbed com-
pounds from the 2nd trap and the 1st trap were focused at −50 ◦C
on the same PTV inlet liner. After desorption of the three TDU tubes
(1st trap, 2nd trap, and 3rd trap), the PTV inlet was programmed
from -50 ◦C to 240 ◦C (held for GC run time) at 720 ◦C min−1 to
inject trapped compounds onto the analytical column. The injec-
tion was performed in the split mode with a split ratio of 1–3
using the low split option (GERSTEL K.K., Tokyo, Japan) controlled
by the pneumatic box of the TDU system. Separations were per-
formed on a 30 m,  0.25 mm  i.d., 0.25 m ﬁlm thickness DB-Wax
column (Agilent). The column temperature for the DB-Wax was
programmed from 40 ◦C (held for 2 min) to 240 ◦C (held for 18 min)
at 10 ◦C min−1. After the retention time of 30 min, the column was
back ﬂushed. The MS  was operated in scan mode or simultaneous
selected ion monitoring (SIM)/Scan mode using electron ionization
(electron-accelerating voltage: 70 eV). Scan range was  set from m/z
29 to 300 and sampling rate of three, resulting in scan rate of 2.68
scan s−1. Water was always monitored with SIM of its m/z 18 in
the SIM/Scan mode. The selected ions for the repeatability test and
determination are shown in Table 1. The ion shown in bold was
used as quantiﬁer.
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.6. Data analysisMSD  ChemStation ver. E.02.02.1431 (Agilent), Mass Hunter
D browser ver. B.05.00 (Agilent), Mass Proﬁler Professional
er. 12.5 (Agilent), Automated Mass Spectral Deconvolution and
able 1
est aroma compounds studied and corresponding vapor pressure, selected ions, recove
nalysis  of spiked water.
No. Compound VP a (kPa) m/z b
1 Acetaldehyde 120 44, 29 
2  Furan 79 68, 39 
3  Dimethyl sulﬁde 64 62, 47 
4  Propanal 42 58, 29 
5  2-Methylfuran 21 82, 53 
6  Butanal 14 72, 44 
7  2,3-Butanedione 9 86, 43 
8  Pentanal 4.2 58, 44 
9  2,3-Pentanedione 3.9 100, 57 
10  Dimethyl disulﬁde 3.1 94, 79 
11  Pyrrole 1.3 67, 41 
12  2,5-Dimethylpyrazine 0.39 108, 81 
13  Furfural 0.11 96, 95 
14  cis-3-Hexenol 0.11 82, 67 
15  1-Hexanol 0.28 56, 69 
16  Guaiacol 0.015 109, 124 
17  Ethyl decanoate 0.0055 88, 102 
18  Indole 0.0016 117, 90 
19  gamma-Nonalactone 0.0016 85, 55 
20  beta-Damascenone 0.0015 190, 121 
21  Coumarin 0.000088 118, 146 
a Vapor pressure at 25 ◦C (kPa) of the analytes which were calculated with the EPI Suite
b Selected ions for repeatability and quantiﬁcation. The ion shown in bold was  used as 
c Recoveries were examined with spiked natural water at 100 ng mL−1.
d Repeatability (n = 5) obtained by analysis of natural water spiked at 10 ng mL−1.
e Linearity between 7 concentration levels (10–2000 ng mL−1).
f LODs were calculated by 3 times the standard deviation estimated by repeated analy (MVM)  analysis with sequential DHS sampling.
Identiﬁcation System (AMDIS) ver. 2.70 Build 130.53 (National
Institute of Standard and Technology, Gaithersburg, MD,  USA), and
Aroma Ofﬁce 2D database ver. 3.01.00 (Gerstel KK, Tokyo, Japan)
were used for data analysis. Aroma Ofﬁce 2D contains the most
comprehensive database of aroma compounds available (>101,000
ry, repeatability, linearity, and limit of detection (LOD) obtained for MVM-GC-MS
Recovery c (%) RSD d (%) n = 5 r2 e LOD f (ng mL−1)
101 3.8 0.9986 3.3
94 7.7 0.9932 7.5
111 7.1 0.9926 5.9
103 2.4 0.9950 5.4
110 9.0 0.9954 6.8
97 4.5 0.9989 3.3
97 2.7 0.9981 3.9
97 4.8 0.9982 3.6
99 3.0 0.9975 4.2
94 4.4 0.9991 1.8
99 2.7 0.9993 1.6
100 2.1 0.9995 1.8
94 1.6 0.9995 1.6
94 1.8 0.9982 1.9
96 1.7 0.9987 2.1
103 2.3 0.9985 1.2
92 6.6 0.9990 2.4
102 3.1 0.9991 1.6
105 3.7 0.9994 1.3
98 2.3 0.9982 0.6
99 2.5 0.9995 1.6
TM v4.10.
quantiﬁer.
sis (n = 5) of the lowest level of calibration curve.
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vFig. 2. Inﬂuence of purge volume on the recovery of test
ntries). This software is a searchable database which contains lin-
ar retention indices (LRI) information for a wide range of aroma
ompounds from many literature references.
. Results and discussion
.1. Evaluation of classic DHS sampling prior to FEDHS
Although the FEDHS method with 3 L DHS sampling at 80 ◦C
sing a Tenax TA trap at 40 ◦C allowed high recoveries (>85%) from
 previous study of test solutes (vapor pressure: 0.0015–0.39 kPa)
n 100 L water [9], the solutes with higher vapor pressures (>a few
Pa) could be at risk of breakthrough from the Tenax TA trap. The
 L purge volume of FEDHS is also still much larger than the break-
hrough volume of some very volatiles (e.g. acetaldehyde, dimethyl
ulﬁde, and furan). Therefore the additional use of a carbon-based
dsorbent trap can reduce the risk of breakthrough for these more
olatile compounds. However, a disadvantageous corollary for the
arbon-based adsorbent trap is the risk of low thermal desorp-
ion efﬁciency for some low vapor pressure and/or polar solutes
e.g. indole and coumarin). Therefore, classic DHS sampling using
 carbon-based adsorbent trap targeting for more volatile solutes
rior to FEDHS (targeting for hydrophilic and/or low vapor pressure
olutes) can be a simple and powerful solution when all adsor-
ent traps are sequentially desorbed, concentrating the analytes
n the PTV inlet for a subsequent single run GC-MS analysis. For the
resent study, a carbon-based multi-bed adsorbent trap consist-
ng of Shincarbon X, Carbotrap B, and Carbotrap X was used for the
lassic DHS sampling. For more volatile solutes in aqueous samples,
igh recovery can be obtained even at low sampling temperature
n DHS (e.g. room temperature), especially when the sample vol-
me (e.g. 100 L) is much smaller than that of HS vial (e.g. 10 mL),
esulting in large phase ratios. With DHS sampling at room tem-
erature (e.g. 25 ◦C), the amount of water vapor going through the
dsorbent trap is much smaller than with FEDHS at 80 ◦C.
In order to select a dry purge condition for the classic DHS
ampling, we used a “pre-calculation approach” using an LVI cal-
ulator software (GERSTEL). Before the calculation we  deﬁned the
asic conditions as follows: the maximum amount of water going
hrough the adsorbent trap should be less than 20 mg,  with the DHS
ampling temperature set at 25 ◦C and the trap temperature set at
0 ◦C. Twenty milligram of water are contained in a saturated gas
olume of 830 mL  at 25 ◦C of the DHS sampling temperature. Thea compounds in 100 L of water spiked at 100 ng mL−1.
adsorbent trap, kept at 30 ◦C, can theoretically eliminate 20 mg  of
water with a dry purge volume of 635 mL.  We decided to select the
maximum purge (sampling) volume of 800 mL  at 25 ◦C (19 mg  of
water) and a dry purge volume of 600 mL  (19 mg of water) for opti-
mization of the classic DHS sampling. Residual water on the trap
was monitored by TD-GC-MS in the SIM/Scan mode. The chosen
dry purge volume of 600 mL  at 30 ◦C clearly removed water from
the 800 mL  DHS sampling at 25 ◦C.
Fig. 2 shows the inﬂuence of purge volume on the recov-
ery of representative test aroma compounds in 100 L of water
spiked at 100 ng mL−1. Vapor pressures (VP) at 25 ◦C (kPa) of
the analytes are also shown in Fig. 2. VP values were calculated
with an EPI SuiteTM software v4.10 (http://www.epa.gov/oppt/
exposure/pubs/episuitedl.htm). The purge volume was  varied in
the range of 10–800 mL  with the ﬁxed dry purge volume of 600 mL.
The recovery was  calculated by comparing peak areas with those of
a calibration curve prepared by direct liquid injection of a standard
solution (in methanol) injected into the TDU through a septum
head. Three solutes: acetaldehyde, dimethyl sulﬁde (DMS), and
furan, which have higher vapor pressures (VP: 64–120 kPa) reached
the highest recoveries (95–98%) earlier with a purge volume of
150 mL.  However, the recoveries decreased with increase of the
purge volume. This occurred at 250 mL  for DMS  and furan, and
at more than 450 mL  for acetaldehyde, due to breakthrough from
the 1st trap. Butanal (VP: 14 kPa) required a purge volume of
250 mL  for the highest recovery of 94% and kept this high recov-
eries without breakthrough. The recoveries for 2,3-butanedione
and pyrrole gradually increased with increase of the purge volume
and reached the highest recoveries (103%) with a purge volume of
650 mL.  Although 2,3-butanedione has a largely similar VP value
(VP: 9 kPa) with butanal, the larger purge volume was  required
because of its much higher water solubility of 1.0 × 106 mg L−1 (EPI
SuiteTM software v4.10). The solutes with lower vapor pressures,
e.g. guaiacol (VP: 0.015 kPa) and indole (VP: 0.0016 kPa) show low
recoveries of 47% and 29%, respectively, with the maximum purge
volume of 800 mL.  Previous data has shown that these solutes
can be fully recovered with FEDHS sampling [9]. For the present
study, two different classic DHS sampling conditions were selected
prior to the ﬁnal FEDHS sampling. The initial purge volume of
150 mL  was  selected for the ﬁrst classic DHS sampling mainly tar-
geting the solutes with high VP values (e.g. acetaldehyde, DMS, and
furan), while eliminating the risk of breakthrough. Then an addi-
tional 650 mL  purge volume was  selected for the second classic
N. Ochiai et al. / J. Chromatogr. A 1371 (2014) 65–73 69
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HS sampling that achieve nearly 100% recovery for the solutes
ith moderate VP values (e.g. butanal, 2,3-butanedione, and pyr-
ole). For the solutes with VP values of <1.0 kPa, FEDHS sampling is
pplied after the two classic DHS samplings.
.2. Comparison of recovery between classic DHS sampling and
EDHS
In order to evaluate the recoveries of a wide range of aroma
ompounds spiked into a 100 L water sample, three different
HS method parameter sets, as previously outlined, were deﬁned
nd applied to the sample separately: the 1st classic DHS samp-
ing, the 2nd classic DHS sampling, and the ﬁnal FEDHS sampling.
ig. 3 shows a comparison of the recoveries between these three
HS method parameter sets for the test aroma compounds in
ater at 100 ng mL−1. VP values of the analytes are also shown in
ig. 3. The 1st classic DHS sampling showed 95–101% recoveries
or 5 solutes (acetaldehyde, furan, DMS, propanal, and 2-methyl
uran) with VP values of more than 21 kPa and dimethyl disulﬁde
DMDS) (VP: 3.1 kPa), while the recoveries signiﬁcantly decreased
or some solutes with VP values of less than 0.39 kPa (2,5-dimethyl
yrazine, guaiacol, indole, -nonalactone, and coumarin) due to the
mall purge volume of 150 mL  at 25 ◦C. Although breakthrough was
bserved for the solutes with VP values of more than 21 kPa and
MDS, the 2nd classic DHS sampling provided 95–106% recoveries
or 5 solutes with VP values in the range of 1.3–14 kPa (butanal,
,3-butanedione, pentanal, 2,3-pentanedione, and pyrrole). Also,
4–77% recoveries were obtained for furfural, cis-3-hexenol, 1-
exanol, ethyl decanoate, and -damascenone. Although ethyl
ecanoate and -damascenone have low VP values of 0.0055 kPa
nd 0.0015 kPa, respectively, their low water solubility (3.5 mg  L−1
nd 12 mg  L−1, respectively) (EPI SuiteTM software v4.10) con-
ributed to moderate recoveries even with the purge condition at
5 ◦C. As expected from the previous study [9], the FEDHS sampling
emonstrated 92–108% recoveries for 10 solutes with low VP values
f less than 0.39 kPa (2,5-dimethyl pyrazine, furfural, cis-3-hexenol,
-hexanol, guaiacol, ethyl decanoate, indole, -nonalactone,r the test aroma compounds in 100 L of water spiked at 100 ng mL−1.
-damascenone, and coumarin), while the solutes with VP values
of more than 1.3 kPa were mostly eliminated from the Tenax TA
trap at 40 ◦C during the 3 L purge (sampling) process.
3.3. Multi-volatile method (MVM) using sequential DHS sampling
The recoveries of a multi-volatile method (MVM)  using sequen-
tial DHS sampling were evaluated with a spiked water sample at
100 ng mL−1. The three DHS runs with individual method param-
eters were sequentially performed using the same HS vial. Two
different thermal desorption procedures were used for the three
traps. The ﬁrst is standard MVM  procedure where the three traps
are sequentially desorbed with multiple thermal desorption in
reverse order of the DHS sampling and the desorbed compounds
are trapped and concentrated in the pre-cooled PTV inlet for a
subsequent single run GC-MS analysis. The second is individual
thermal desorption procedure for each trap in which the three
traps are separately analyzed with three thermal desorption-GC-
MS runs and the individual recoveries from each trap are summed
for the total recoveries. Fig. 4 shows the total recoveries for the test
aroma compounds. The MVM  recoveries are listed in Table 1. As
expected from the previous data (Fig. 3), the 1st classic DHS samp-
ling provided high recoveries with more than 95% for 6 solutes,
acetaldehyde, furan, DMS, propanal, 2-methyl furan, and DMDS,
which have VP values in the range of 3.1–120 kPa. The 2nd clas-
sic DHS sampling improved the recoveries for 7 solutes, butanal,
2,3-butanedione, pentanal, 2,3-pentanedione, pyrrole, 1-hexanol,
and -damascenone, to more than 90%. The ﬁnal FEDHS samp-
ling further improved recovery for the rest of solutes, 2,5-dimethyl
pyrazine, furfural, cis-3-hexenol, guaiacol, ethyl decanoate, indole,
-nonalactone, and coumarin, resulting in more than 91% recov-
eries. Consequently, MVM  using sequential DHS sampling can
provide more uniform recoveries for a wide variety of aroma com-
pounds in aqueous samples. We  evaluated linearity of MVM  using
sequential DHS sampling at 7 concentration levels between 10
and 2000 ng mL−1 for the 21 model compounds in water. For each
level, duplicate analyses were performed. For all compounds, good
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inearity was achieved with r2 above 0.9926. There are several
ethods to determine the limit of detection (LOD). The most widely
ccepted deﬁnition is based on estimating the LOD using low con-
entration spikes and calculating the standard deviation of the
etermination. The LOD is then deﬁned as 3 times the standard
eviation (for ﬁve replicates) obtained for the analyte concentra-
ion not higher than 10 times the LOD [3]. The LODs were calculated
ith repeated analyses of water spiked at 10 ng mL−1 (lowest con-
entration of the calibration curves). Very low LODs in the range of
.0–7.5 ng mL−1 were obtained, even with the scan mode of a con-
entional single quadrupole MS.  The linearity and the LOD of the
ethod are listed in Table 1.
.4. Application to brewed coffee
In order to outline the applicability and beneﬁts of MVM  using
equential DHS sampling, brewed coffee (Caffè Americano) was
nalyzed as an example of analysis of a wide variety of aroma
ompounds in an aqueous sample. The roasting process with Mail-
ard reaction of coffee beans generates a very complex aroma.
hese aroma compounds involved range from very volatiles (e.g.
cetaldehyde and furan) to less volatiles (e.g. indole and vanillin)
nd many of them are present at from ng mL−1 to g mL−1 lev-
ls. Individual FEDHS is also performed as a comparison. Fig. 5
hows a comparison of the total ion chromatogram (TIC) between
EDHS (a) and MVM  (b) (screen shots from a NIST AMDIS after
 deconvolution process, see later). One remarkable difference is
he detection of more early eluting peaks (retention time (tR):
.8–11 min) in the TIC (b) obtained by MVM.  More than 10 early
luting compounds including potent aroma compounds in cof-
ee [14,15], e.g. acetaldehyde (putrid/stimulus), 2,3-butanedione
sweet/buttery), 3-methylbutanal (malty), and 2,3-pentanedione
sweet/buttery), which have high ﬂavor dilution (FD) factors
btained from aroma extract dilution analysis (AEDA) [16] are only
etected in the chromatogram (b) due to classic DHS sampling
rior to FEDHS. It is interesting to observe that peak proﬁles in three individual thermal desorption-GC-MS analysis) for the test aroma compounds
both TIC (a) and TIC (b) after tR of 12 min  are relatively similar but
with more peak abundance in the TIC (b). Several potent aroma
compounds [14,15], e.g. 4-ethyl guaiacol (spicy), furaneol (caramel-
like), 2-furfuryl methyl disulﬁde (meaty), guaiacol (phenolic/spicy),
2,3,5-trimethylpyrazine (roasty/earthy), vanillin (sweet/vanilla),
and 4-vinyl guaiacol (spicy), which have hydrophilic and/or low
vapor pressure characteristics are observed in both chromatogram
(a) and chromatogram (b). Previous data (Figs. 3 and 4) suggest that
these hydrophilic and/or low vapor pressure aroma compounds
could be mainly recovered by FEDHS condition even after classic
DHS sampling in MVM.  In order to screen for volatile compounds
in both TICs obtained from FEDHS (Fig. 5a) and MVM  (Fig. 5b), mass
spectral deconvolution with the NIST AMDIS was performed. The
candidates list was  ﬁltered with a Mass Hunter ID Browser using the
following conditions: (1) a candidate should have a spectral match
score of more than 50, (2) the candidate should consist of C, H, and
N/O/S (without any other elements), (3) the candidate name should
not be replicated, (4) peaks detected in the blank run should be
excluded. Five hundred and forty-seven candidates were obtained
from FEDHS, while 658 candidates were obtained from MVM. The
increased number of candidates from MVM  clearly reﬂects the
effect of the classic DHS sampling for additional peaks and/or
peak abundance in the TIC (Fig. 5b). Thus, MVM  can eliminate the
limitation of FEDHS for early eluting volatile compounds, while
maintaining or even improving the recoveries of FEDHS, result-
ing in exhaustive analysis of a wide range of aroma compounds
in coffee. Then, Aroma Ofﬁce 2D database (which is integrated in
MSD  ChemStation) was applied for ﬁltering aroma compounds with
cross search using both MS  library and linear retention indices (LRI)
database. Eighty-two compounds were tentatively identiﬁed with
the cross search in a list of 658 candidates with the NIST AMDIS
search of the TIC obtained from MVM.  Finally, 82 aroma compounds
were further ﬁltered with keywords of “coffee” (in the title) and
“DB-Wax” (used for GC analysis) in the literature data compiled
in Aroma Ofﬁce 2D database and 67 compounds were previously
reported in these data [17–22]. Table 2 summarizes the 82 aroma
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Table  2
Identiﬁed compounds and corresponding vapor pressure, probability based matching (PBM), linear retention indices (LRI) and average LRI in the literature, Selected ions,
repeatability, linearity, concentration, and ratios of calibration methods obtained for MVM-GC-MS analysis of coffee.
No. Compounds a VP b (kPa) PBM c LRI d Ave. LRI e m/zf RSD g (%) n = 5 r2h Conc. i (ng mL−1) Ratio j
1 Acetaldehyde 120 83 732 724 (n = 7) 44,  29 4.3 0.9969 4300 1.1
2  Dimethyl sulﬁde 0.083 91 766 764 (n = 6) 62,  47 6.7 0.9915 220 0.95
3  Propanal 42 90 793 789 (n = 7) 58,  29 6.3 0.9945 540 0.86
4  Furan 80 80 796 797 (n = 1) 68,  39 8.3 0.9918 820 1.1
5  Methyl acetate 7.0 86 827 826 (n = 10) – – – – –
6  2-methylfuran 22 94 872 872 (n = 3) 82,  53 9.3 0.9910 3900 0.93
7  Butanone 13 86 907 902 (n = 11) – – – – –
8  Butanal 14 56 907 894 (n = 2) 72,  44 3.9 0.9961 74 1.2
9  2-methylbutanal 1.4 91 919 912 (n = 13) – – – – –
10  3-methylbutanal 6.9 94 922 917 (n = 33) – – – - –
11  Pentanal 4.4 56 923 932 (n = 3) 58,  44 6.1 0.9993 75 1.1
12  2,5-dimethylfuran 6.6 94 958 952 (n = 7) – – – – –
13  2,3-Butanedione 9.4 72 985 978 (n = 42) 86,  43 7.1 0.9942 2800 0.95
14  Thiophene 9.8 93 1038 1023 (n = 3) – – – – –
15  2,3-pentanedione 4.1 87 1075 1065 (n = 17) 100, 57 7.9 0.9962 1200 0.93
16  2-vinylfuran 5.1 55 1093 1080 (n = 2) – – – – –
17  Dimethyl disulﬁde 3.3 93 1096 1085 (n = 9) 94,  79 6.8 0.9911 250 1.2
18  2-methyl-2-butenal 2.4 81 1119 1113 (n = 3) – – – – –
19  1-methyl-1H-pyrrole 2.6 94 1166 1149 (n = 1) – – – – –
20  Pyridine 2.6 97 1218 1203 (n = 2) – – – – –
21  3-methylbutanol 0.51 49 1229 1222 (n = 41) – – – – –
22  Pyrazine 1.3 91 1243 1235 (n = 5) – – – – –
23  2-methylpyridine 1.4 97 1246 1234 (n = 5) – – – – –
24  Furfuryl methyl ether 1.2 97 1260 1244 (n = 2) – – – – –
25  3-Methylbut-3-enol 0.49 81 1271 1258 (n = 5) – – – – –
26  Thiazole 2.3 76 1278 1265 (n = 1) – – – – –
27  Methylpyrazine 0.97 91 1294 1279 (n = 9) – – – – –
28  Acetoin 0.27 91 1318 1310 (n = 7) – – – – –
29  Hydroxyacetone 0.23 72 1335 1320 (n = 4) – – – – –
30  2,5-dimethylpyrazine 0.42 94 1348 1336 (n = 10) 108, 81 2.7 0.9959 1200 0.92
31  2,6-dimethylpyrazine 0.23 91 1354 1342 (n = 11) 108, 42 3.5 0.9917 880 1.0
32  Ethylpyrazine 0.48 94 1359 1354 (n = 15) – – – – –
33  2,3-dimethylpyrazine 0.37 95 1373 1364 (n = 7) 108, 67 4.2 0.9978 260 0.91
34  2-cyclopenten-1-one 1.3 91 1390 1383 (n = 1) – – – – –
35  2-methyl-2-cyclopenten-1-one 0.50 94 1399 1395 (n = 1) – – – – –
36  2-ethyl-6-methylpyrazine 0.081 81 1407 1398 (n = 8) 121, 122 3.8 0.9988 420 0.94
37  2-ethyl-5-methylpyrazine 0.081 90 1414 1403 (n = 7) 121, 122 4.6 0.9998 330 0.96
38  2,3,5-trimethylpyrazine 0.19 87 1426 1416 (n = 9) 122, 81 2.1 0.9987 240 0.87
39  Propylpyrazine 0.081 89 1440 1428 (n = 1) – – – – –
40  2,5-dimethyl-3-ethylpyrazine 0.10 76 1453 1446 (n = 14) – – – – –
41  2,6-diethylpyrazine 0.026 94 1453 1440 (n = 3) – – – – –
42  2-ethyl-3,5-dimethylpyrazine 0.024 93 1463 1463 (n = 17) 135, 136 5.2 0.9993 53 0.91
43  Acetic acid 2.3 91 1469 1460 (n = 50) – – – – –
44  Acetoxy-2-propanone 0.20 72 1483 1472 (n = 5) – – – – –
45  Furfural 0.31 97 1489 1478 (n = 97) 96,  95 4.1 0.9970 2300 1.2
46  2-ethylhexanol 0.025 80 1494 1491 (n = 33) – – – – –
47  Furfuryl methyl sulﬁde 0.18 96 1510 1492 (n = 2) – – – – –
48  Furfuryl formate 0.31 86 1515 1497 (n = 2) – – – – –
49  2-methyl-6-vinylpyrazine 0.087 50 1519 1522 (n = 1) – – – – –
50  Acetylfuran 0.13 91 1532 1523 (n = 4) 110, 95 3.1 0.9975 1300 1.1
51  Pyrrole 1.4 90 1538 1521 (n = 1) 67,  41 3.2 0.9959 1200 1.1
52  1-acetyloxy-2-butanone 0.22 72 1549 1536 (n = 1) – – – – –
53  Furfuryl acetate 0.14 96 1553 1541 (n = 6) – – – – –
54  2-methyl-4,5-dihydro-3(2H)-thiophenone 0.11 62 1561 1542 (n = 1) – – – – –
55  2,3-dimethyl-2-cyclopenten-1-one 0.24 81 1575 1573 (n = 1) – – – – –
56  1,3-butanediol 0.0043 86 1587 1585 (n = 3) – – – – –
57  5-methylfurfural 0.092 96 1602 1596 (n = 9) – – – – –
58  2-furfurylfuran 0.035 60 1630 1615 (n = 2) – – – – –
59  Butanoic acid 0.0021 64 1644 1636 (n = 40) – – – – –
60  1-methyl-1H-pyrrole-2-carboxaldehyde 0.099 95 1658 1651 (n = 1) – – – – –
61  Furanmethanol 0.055 98 1686 1671 (n = 11) – – – – –
62  Pyrazine-2-carboxylic acidamide 0.0000036 78 1749 1740 (n = 2) – – – – –
63  Acetamide 0.0043 83 1784 1764 (n = 1) – – – – –
64  Cyclotene 0.00011 97 1861 1853 (n = 3) 112, 83 6.3 0.9922 1100 1.0
65  Guaiacol 0.015 97 1895 1881 (n = 19) 109, 124 1.8 0.9986 830 1.0
66  3-ethyl-2-hydroxy-2-cyclopenten-1-one 0.00014 94 1927 1924 (n = 1) 126, 83 6.1 0.9945 1370 1.1
67  Benzeneethanol 0.0032 94 1946 1938 (n = 26) – – – – –
68  Maltol 0.0000057 64 2013 2012 (n = 4) – – – – –
69  2-acetylpyrrole 0.0039 83 2013 2007 (n = 3) – – – – –
70  p-Cresol 0.017 93 2032 2020 (n = 1) 108, 107 2.9 0.9971 95 0.82
71  Phenol 0.043 95 2038 2028 (n = 2) – – – – –
72  Furaneol 0.000077 94 2066 2061 (n = 18) 128, 85 8.9 0.9918 1300 0.62
73  4-ethyl guaiacol 0.0033 87 2069 2064 (n = 5) 152, 137 1.2 0.9989 170 0.73
74  Pyrrole-2-carboxaldehyde 0.011 94 2074 2059 (n = 1) – – – – –
72 N. Ochiai et al. / J. Chromatogr. A 1371 (2014) 65–73
Table 2 (Continued)
No. Compounds a VP b (kPa) PBM c LRI d Ave. LRI e m/zf RSD g (%) n = 5 r2h Conc. i (ng mL−1) Ratio j
75 Solerone 0.0041 72 2120 2113 (n = 1) – – – – –
76  4-ethyl phenol 0.0057 74 2209 2204 (n = 12) 122, 107 4.6 0.9990 33 0.65
77  4-vinyl guaiacol 0.0010 96 2239 2228 (n = 7) 150, 135 3.8 0.9971 990 0.62
78  Thymol 0.0022 72 2239 2226 (n = 1) – – – – –
79  4-vinyl phenol 0.0048 50 2423 2414 (n = 11) – – – – –
80  3-hydroxypyridine 0.0063 94 2450 2450 (n = 1) – – – – –
81  Indole 0.0016 96 2475 2468 (n = 5) 117, 90 2.1 0.9990 210 0.66
82  Vanillin 0.000060 86 2565 2563 (n = 17) 152, 151 2.2 0.9985 150 0.66
a Compounds in bold represent potent aroma compounds of coffee reported in the literature [14,15].
b Vapor pressure at 25 ◦C (kPa) of the analytes which were calculated with the EPI SuiteTM v4.10.
c Probability based matching of the MS  library.
d Calculated linear retention indices on DB-Wax column.
e Average linear retention indices on DB-Wax column in the literature obtained from the Aroma Ofﬁce 2D database.
f Selected ions for repeatability and quantiﬁcation. The ion shown in bold was  used as quantiﬁer.
g Repeatability (n = 5).
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*h Linearity between 7 concentration levels (10–5000 ng mL−1).
i Concentration.
j Ratios of calculated concentration obtained by external calibration and standar
ompounds in coffee obtained from MVM  with the parameters used
or tentative identiﬁcation.
Classical FET (full evaporation technique) often allows an exter-
al calibration method especially for very volatile compounds
ecause of near complete evaporation of analytes without matrix
ffect [7,23]. However, in certain cases some compounds with
ow vapor pressure and/or high afﬁnity to the non-volatile matrix
how reduced recoveries. Therefore, standard addition calibration
s generally recommended for quantiﬁcation of a wide vari-
ty of compounds with FEDHS. To evaluate the applicability of
ig. 5. Comparison of the total ion chromatogram between FEDHS (a) and MVM  (b).
.  Acetaldehyde, 2. Dimethyl sulﬁde (DMS), 3. Propanal, 4. Furan, 6. 2-Methylfuran, 8. Buta
imethyl disulﬁde (DMDS), 19. 1-Methyl-1H-pyrrole, 20. Pyridine, 22. Pyrazine, 27. 3-Me
7.  Furfuryl methyl sulﬁde, 51. Pyrrole, 53. Furfuryl acetate, 59. Butanoic acid, 61. Furanm
7.  4-Vinylguaiacol, 79. 4-Vinyl phenol, 81. Indole, 82. Vanillin.
Cyclic dimethylsiloxane congener (contamination from PTFE coated silicon septa of the Htion calibration.
the external calibration method to the analysis of aroma com-
pounds in coffee with MVM,  quantiﬁcation of the selected 30
compounds (VP: 0.000060–120 kPa) were carried out with both
external and standard addition calibration methods. Seven point
calibration curves between 10 and 5000 ng mL−1 were used. Good
repeatability with relative standard deviation (RSD) in the range
of 1.2-9.3% (n = 5) was obtained for the selected 30 compounds.
The linearity was also good with r2 higher than 0.9910. The
determined values with the standard addition calibration were
in the range of 74–4300 ng mL−1. The ratios of the determined
nal, 10. 3-Methylbutanal, 13. 2,3-Butanedione (Diacetyl), 15. 2,3-Pentanedione, 17.
thylpyrazine, 30. 2,5-Dimethylpyrazine, 38. 2,3,5-Trimethylpyrazine, 45. Furfural,
ethanol, 64. Cyclotene, 65. Guaiacol, 68. Maltol, 72. Furaneol, 73. 4-Ethylguaiacol,
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alues are calculated by dividing values obtained by external
alibration by those obtained by standard addition calibration
ethod. For 24 compounds with VP values of more than 0.015 kPa
except for cyclotene (3-methyl-2-hydroxy-2-cyclopenten-1-one)
nd 3-ethyl-2-hydroxy-2-cyclopenten-1-one}, the concentrations
btained by the external calibration method agreed fairly well with
hose obtained by the standard addition calibration method with
he ratio in the range of 0.82–1.2. However, signiﬁcant deviation
s observed for 6 compounds (furaneol, 4-ethyl guaiacol, 4-ethyl
henol, 4-vinyl phenol, indole and vanillin) with the ratios in the
ange of 0.62–0.73. Although the standard addition calibration
ethod should be used for those compounds with low VP values
e.g. <0.0057 kPa), it may  be possible to apply the external cali-
ration method for many aroma compounds (e.g. VP >0.015 kPa).
his would be a very user-friendly option, especially when large
umbers of samples have to be routinely analyzed. Linearity, deter-
ined values, repeatability, and the ratios of the determined values
re listed in Table 2.
. Conclusion
A new multi-volatile method (MVM)  using sequential DHS
ampling has been developed for analysis of aroma compounds
n aqueous samples. By using sequential DHS sampling consist-
ng of two different classic DHS sampling conditions and FEDHS
or the same HS vial, a variety of aroma compounds with a
ide volatility range (VP: 0.000088–120 kPa) can be uniformly
xtracted and enriched, while leaving most of the low volatile
atrix behind. The performance of the method was demonstrated
y analyzing aroma compounds including several potent aroma
nalytes in brewed coffee at ng mL−1 to g mL−1. Moreover, an
xternal calibration method could be applied for determination
f some aroma compounds which have VP values of more than
.015 kPa.
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